Above 400 °C propane is oxidized by a two-stage degenerately branching chain reaction. The first 20 % of reaction proceeds by an H 0 2/C3H7 radical chain where the main immediate pro ducts are propylene and hydrogen peroxide. Pyrolysis of a small fraction of the propyl radicals gives rise to methyl radicals and finally formaldehyde. The further oxidation of formaldehyde by molecular oxygen probably accounts for the observed chain branching although at temperatures above 475 °C homogeneous decomposition of hydrogen peroxide may lead to the initiation of new chains. In the second stage of the reaction the secondary oxidation of propylene becomes important. While propane still in the main reacts to form propylene the subsequent oxidation of the propylene alters both the kinetics and the oxida tion products so that the reaction appears overall to proceed by a mechanism similar to that operative at temperatures below 400 °C where the important branching agents are probably higher aldehydes.
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The oxidation of aliphatic saturated hydrocarbons containing two or more carbon atoms can proceed by two distinct mechanisms, depending upon the temperature. One operates between approximately 250 and 380 °C and the other above 400 °C. In the intervening region the low-temperature mechanism begins to fail before the high-temperature mechanism has established itself. This may be observed in the well-known negative temperature coefficient of the slow oxidation rate (Pease 1938 
C3H7 + 0 2 = C3H6 + H 0 2.
This scheme has been established chiefly through the observations that propylene is the major product of the oxidation (Satterfield & Wilson 1954) and that under [ 493 ] 32-2 suitable conditions large yields of hydrogen peroxide may be obtained (Kooyman 1947) . The scheme has also been suggested independently by Knox & Norrish (1954a) to explain the decrease in the rate of oxidation of propane above 370 °C. In further support of mechanisms involving the H 0 2 radical, the work of Bell & Tipper (1956) and of Cullis & Newitt (1956) on the oxidations of methanol and ethanol may be cited. The purpose of the present investigation was to ascertain how far a basic chain of the above type could explain the main features of both the kinetics and products of the high-temperature oxidation of propane, and whether further major reactions would be required for their complete explanation. The difficulties met with in the past in carrying out both kinetic and analytical experiments under the same conditions have now been largely solved by the development of gas chromatography which has been used almost exclusively for the analytical work. The technique is ideal for the analysis of quantities of the order of 0*1 to 1*0 mmole obtainable from kinetic experiments. It is furthermore relatively rapid, a complete analytical run requiring about 3 h only.
The work has substantially confirmed the validity of the basic scheme given above. Chain branching appears to result from the pyrolysis of the propyl radical followed by oxidation of the methyl radical formed giving formaldehyde. The subsequent oxidation of the formaldehyde by molecular oxygen then leads to the initiation of new chains. The simple scheme is, however, complicated by the accumulation of propylene. As the partial pressure of propylene grows it exerts an ever increasing influence over the course of the reaction. After some 30 % of reaction an equilibrium pressure is reached and a little before this point the kinetics of the reaction alter markedly from those typical of the high-temperature mechanism to those of the lowtemperature type of oxidation.
E xper im ental

Materials
The gaseous reactants, which were stored in 51. Pyrex bulbs, were obtained as follows:
Propane. The propane used in the analytical experiments was a sample kindly given by the British Petroleum Company which contained 0-2 % of isobutane as the only impurity. The propane used in the kinetic experiments was obtained by puri fication of commercial propane which contained a considerable percentage of propylene. This was removed by passage through the following reagents: (1) con centrated sulphuric acid containing 0*6 % wt./wt. of silver sulphate; (2) 30 % sodium hydroxide solution; (3) same as (1), (4) a charcoal column saturated with bromine; and (5) phosphorus pentoxide. The purified propane was fractionated and the middle fraction retained. It contained 0*2 % propylene as the only detectable impurity.
Oxygen was taken directly from cylinders after passage through a spiral cooled in liquid air to remove any condensables. It contained 0*5 % argon.
Propylene was prepared by dehydration of isopropanol using phosphorus pentoxide and scrubbed with 10 % sodium hydroxide. It was then fractionated and the middle fraction retained.
Carbon dioxide was obtained from commercial Cardice by repeated sublimation and condensation, the middle fraction being retained in each case.
A ppa r a t u s a n d e x per im en ta l methods The static reaction system was of standard design. Mixtures were prepared in a 500 ml. mixing vessel and after standing for a few minutes were equilibrated with the reaction vessel. The 522 ml. Pyrex glass reaction vessel was cylindrical and had an internal diameter of 5*5 cm. It was housed in a furnace whose temperature was controlled to within 1 °C and was uniform along the length of the reaction vessel to within 1 °C. Pressures in the mixing vessel and in the reaction vessel were measured by mercury manometers; pressure changes during the reaction were measured by a glass spoon gaugefitted with an all-glass link system operating a mirror. The rotation of the mirror was observed by means of an optical lever arrangement which gave a final gauge sensitivity 7*93 times that of a mercury manometer.
When product analysis was required the gauge was isolated from the reaction vessel and the latter connected to a sampling vessel of about half its volume. By placing liquid air in the central finger of this vessel between 75 and 90 % of the contents could be removed from the reaction vessel. The sample so obtained was then analyzed by gas chromatography and in certain instances also by volumetric methods. For complete analysis by gas chromatography the sample was divided into three fractions:
(1) gases uncondensable at -196 °C: H 2, 0 2, CO, CH4; (2) gases uncondensable at -78 °C: C 02, C2H4, C2H6, C3H6, C3H8; (3) substances in volatile at -78 °C: water, hydrogen peroxide, alcohols, alde hydes, acids and other oxygenated products. The amounts of fractions (1) and (2) were measured in the standardized volume of a Topler pump and the amount of fraction (3) by difference from the known decrease of pressure in the reaction vessel. Fractions (1) and (2) were stored in small bulbs while fraction (3) was distilled straightway into the sampling U-tube of the chroma tography apparatus. Complete analysis of these fractions required four separate chromatography columns, details of which are given in table 1.
The gas chromatography apparatus was of conventional design. Samples for analysis were transferred to a by-pass U-tube and were then entrained by the carrier gas stream. They were thereby driven through the appropriate column which was selected by means of a double channel tap. Detection of the components of the mixture as they emerged from the column was by a brass-block thermal conductivity gauge maintained at room temperature. The apparatus was calibrated for each of the gases to be determined by measurement of peak heights under standard condi tions of injection. This, along with standardization of bridge e.m.f., careful control of column temperature and flow rate enabled an accuracy of 2 % to be obtained on the amount of each component.
Identification of the simple gaseous products presented no difficulties owing to the small number of possibilities and the wide differences in their retention times. The identification of the components in fraction ( spectra and retention times with those of standard samples the first peak was identified as propane dissolved in the fraction and the second as acetaldehyde. The later components could not be identified with certainty, although infra-red analysis indicated the presence of carbonyl and hydroxyl groups. Chromatograms of pure substances showed that the later peaks might be due to esters, alcohols, acetals or aldehydes containing two or three carbon atoms. The quantities of these substances were, however, all small and accounted for only 10 % of the total condensables. The remainder was assumed to be water. Since considerable interest, however, attaches to the yields of aldehydes, peroxides and alcohols in oxidation reactions these substances were in a number of cases determined separately by volumetric methods. 
Experimental results
The oxidation of propane between 400 and 470 °C shows the broad characteristics of a degenerately branching chain reaction. The chief of these is a slow exponential development of the reaction with time. This is illustrated in figure 2 , where the rate of pressure rise, dAp/dt, for a typical reaction mixture is plotted against the pressure rise, A p .The linear relationship up to a considerable percentage reaction implies that
where <j) is the acceleration constant or net branching factor of the reaction. The value of < j> at any stage in the reaction is most simply obtained from a plot of reaction rate against pressure rise. In any interpretation of the variation of the rate of reaction or acceleration constant with reaction conditions it is, however, essential that the pressure rise should be shown to give a true measure of the extent of reaction. These relations suggest that the main chain reaction produces either a molecule of propylene or a molecule of ethylene for every molecule of propane disappearing. Since the amount of oxygen disappearing is slightly less than the propylene formed, and since the yield of ethylene relative to propylene increases as the oxygen pres sure decreases, it is likely that propylene is formed by an oxidation reaction while ethylene is formed without the intervention of oxygen. The yield of methane initially follows that of ethylene but increases rapidly when the oxygen is exhausted. Methane is thus almost certainly formed by a hydrogen abstraction reaction of methyl radicals the majority of which are normally oxidized. The observations are most readily explained by the following reaction scheme:
High-temperature oxidation of propane
High-temperature oxidation of propane
c3h 7 = c 2h 4+ c h 3
H 20 2 + walls = H 20 + ^02,
CH20 oxidation = CO, etc.
The heat of formation of H 0 2 has been taken from Foner & Hudson (1955) and heats of formation of other radicals from Trotman-Dickenson (1955).
A notable feature of the results so far not mentioned is the falling off in the rate of production of propylene as the reaction proceeds. After some 10 mm pressure rise has occurred the yield of propylene reaches a maximum and remains almost constant while the oxidation of propane continues. Thus in the later stages of the reaction a significant change in mechanism occurs and propylene is either no longer formed or else, if it is formed, it is destroyed equally rapidly. This possibility is not envisaged in the above scheme and the explanation of the role of propylene in the oxidation adds considerably to the complexity of the reaction mechanism.
The effect of increase of temperature on the development of the reaction products is shown in figures 3, 5 and 6 which give the development curves for 435, 445 and 475 °C. There is little change in the relative yields of propylene, carbon monoxide, hydrogen, carbon dioxide or condensables, but a marked increase in the yields of ethylene and methane with rise of temperature and a compensatory increase in the see table 4 for actual values), but the linearity 1 of pressure rise against oxygen consumption was still maintained. Complete analyses 1 of the products at various stages in the reactions where 0,10, 20 and 40 % of propane 1 was replaced by propylene showed that the yields of ethylene, methane and carbon 1 dioxide were not affected by the substitution but that the yields of condensables fell 1 slightly with progressive substitution. The condensables, however, contained more 1 organic material the larger the initial pressure of propylene. The most interesting a feature of the results is shown in figure 7, which gives the development curves for 1 propylene and carbon monoxide. For the purpose of the figure the pressure rise for 1 each reaction has been scaled to a total pressure rise of 34 mm. It is clear that | irrespective of the initial pressure of propylene the final pressure tends towards an 1 equilibrium value close to 25 mm, and that the substitution of propane by propylene J leads to a more profuse production of carbon monoxide, particularly in the initial stages of the reaction. These results suggest that the maximum in the concentration of propylene results from an equilibrium between production and removal rather than from a cessation of the production reaction. The exact nature of the reaction removing propylene is not clear but two reactions seem possible C3H 6 + HOa = C3H 70 0 = C2H 5CHO + OH = -50 kcal),
C3H 6 + H 0 2 = C3H 5 + H 20 2.
The occurrence of these reactions will lead to the production of products typical of the low-temperature oxidation, in particular carbon monoxide and organic con densable products. The analysis of the condensables by gas chromatography showed that apart from acetaldehyde all the components of fraction 3 increased regularly throughout the reaction. The yield of acetaldehyde could be estimated roughly from the gas chroma tograms and there was no doubt that its yield passed through a maximum near the point of maximum reaction rate. The results for 435 and 475 °C are given in figure 8. The development of methoxyl, formaldehyde and hydrogen peroxide were obtained separately by volumetric methods. The development curve for methoxyl is given in figure 3 and its yield is seen to increase regularly throughout the reaction. The yield of formaldehyde behaved likewise (figure 8). The analysis for hydrogen peroxide gave very irreproducible results, but indicated that the yield rose to a flat maximum early in the reaction (figure 8), roughly following the propylene yield. At the end of the reaction it finally fell to a very low value.
High-temperature oxidation of propane
Kinetic measurements of the maximum reaction rate and of the acceleration constant were made at 400 and 460 °C. The effects of the addition of propylene and of various aldehydes to the reaction mixture were examined at 435 °C.
Reasonably reproducible values for rates and acceleration constants were obtained only when the oxygen/propane ratio was below 1:2. However, at both temperatures it appeared that the order with respect to oxygen fell when the oxygen/propane ratio exceeded 1:2. This is in figure 3 shows that the concentration of propylene required just to remove the initial slow acceleration is close to the amount which has accumulated in the normal reaction when the break in the acceleration curve occurs. Experiments with mixtures containing different amounts of oxygen showed that the amount of propylene required to remove the initial slow acceleration was proportional to the concentra tion of oxygen. Both analytical and kinetic experiments thus show that the change in the nature of the reaction after some 20 % of reaction has occurred is closely associated with the reactions of the propylene formed in the early stages. The effect of added carbon dioxide was studied at 460 °C. Figure 11 shows that carbon dioxide had a strong accelerating effect upon the reaction; both the maximum rate and the acceleration constant are increased linearly with pressure of added carbon dioxide. The inclusion of a total pressure factor in the rate expression is therefore further supported. Carbon dioxide evidently has an inert-gas effect com parable with that of oxygen and propane. The effect of the addition of chain-initiating substances to the reaction mixture at j 435 °C was studied in order to determine whether or not the maximum rate of 1 reaction resulted simply from the consumption of the reactants or from the removal of branching intermediate by radical attack. In the latter case the maximum rate of I reaction may be evaluated by the stationary state method, making the rough assumption that the concentration of the reactants does not alter during the reac-5 tion. If the amount of branching intermediate normally present at maximum rate S is added initially to the reaction mixture, the reaction is expected to commence at I its normal maximum rate. It will proceed at this rate without acceleration until the I consumption of the reactants inevitably causes a fall in the rate. If a greater amount I of intermediate is added than is normally present at maximum rate the reaction j will start at an enhanced rate and quickly slow down to its previous maximum rate. This effect has been demonstrated in the oxidation of ethylene by Harding & Norrish (1952) and may be called the 'negative induction period effect When the consump-1 tion of reactants is the only factor limiting the maximum rate of reaction, it should be possible always to observe an initial exponential acceleration of the reaction however much branching intermediate is initially added.
It was found that the addition of up to 10 mm of acetaldehyde to a mixture of 80 mm propane and 40 mm oxygen was insufficient to cause the reaction to start at maximum rate. If, however, an amount of propylene was present equal to that normally present at maximum rate the reaction could be made to start at maximum rate by the addition of 4mm of acetaldehyde and a 'negative induction period' could be produced by the addition of more than this quantity (see figure 12) . Nevertheless, the addition of acetaldehyde considerably increased the maximum rate of reaction and it is therefore probable that the maximum rate is limited both by consumption of the reactants and by radical removal of the branching inter mediate. 8) . However, the actual pressures present in the reaction at maximum rate were probably considerably greater than this owing to the great readiness with which aldehydes form condensation products in the liquid phase. Some, if not all, of the branching must therefore result from the reactions of aldehydes, although other branching agents cannot be ruled out.
D is c u s s io n
The reaction scheme proposed as a result of the analytical experiments gives a qualitative account of the variation of the yields of the various products with variation of the oxygen/propane ratio and temperature. A more detailed quantita tive examination of the mechanism shows, however, that the actual reaction scheme must be somewhat more complex than that so far suggested.
The profound effect of propylene on the nature of the reaction results in the hightemperature mechanism operating in its pure form only in the initial stages of the reaction. In order to compare the experimental results with those predicted by the mechanism one should therefore examine the initial rates of formation of the pro ducts rather than their final yields. In tables 2 and 3 the initial rates of formation of 
Methane is formed as a result of hydrogen abstraction by methyl radicals (reaction (5)), which is in competition with the oxidation of methyl radicals (reaction (4) 
C2H5CH0 + H 0 2 = C2H5 + C0 + H 20 2 (A +6kcal).
A reaction similar to (10) has already been proposed by Norrish (1948) for the radical destruction and degradation of aldehydes in the low-temperature oxidation of the higher hydrocarbons. The additional reaction eventually forming ethylene would then be more dependent upon oxygen concentration than that forming propylene. Methyl radicals could likewise be formed from the degradation of acetaldehyde. Further evidence that ethylene can be formed by a reaction other than the pyrolysis of the propyl radical is to be found in figures 3 to 6, where it may be seen that even when the oxygen is almost completely exhausted the rate of formation of methane never becomes equal to that of ethylene. The actual values are given in parentheses in tables 2 and 3. It would also be expected that the yield curves of methane and ethylene would be more curved than they are due to the depletion of oxygen as the reaction proceeds, if there were no other reactions forming them. The variation of the yields of ethylene and methane with temperature, in contrast, agree well with the proposed scheme. The values of the left-hand sides of equations (A) and (B) at 435, 445 and 475 °C are given in table 3 and yield the following activation energy differences:
E3 -E Es -Ell= 7 + 5 kcal/mole.
E3 is probably about 25 kcal/mole and E2 close to zero; E5, the activation energy of hydrogen abstraction by methyl radicals, is about 9 kcal/mole (Trotman-Dickenson 1955) while E± is probably either zero or slightly negative. The agreement between the predicted and experimental values is thus within the experimental error. It is interesting to note that our results on the formation of methane support the conclusion of Hoare & Walsh (1957) With an oxygen pressure of 50 mm, and taking Ey -= 10 kcal/mole, the relative rates of reaction at 450 °C will be R^R * = fc4'[0 = Oxidation is therefore expected to be about 56 times as fast as abstraction from acetone. This value is some ten times that found in our experiments with propane. Two assumptions would, however, have to be made in applying the above value to our results; first, it would be necessary to assume that propane had the same efficiency as a third body as acetone, and secondly, that the activation energy of Table 4 reaction (4') is close to zero. Since third-order reactions very often have slightly negative activation energies and propane may be a less efficient third body than acetone it is quite possible that in the propane + oxygen + methyl radical system oxidation at 450 °C proceeds as little as five times as fast as abstraction. If, however, reaction (4') were bimolecular it would be expected to be faster than hydrogen abstraction by a factor of about 104 at 450 °C. The oxidation of ethyl radicals is almost certainly bimolecular and accordingly the quantities of ethane found in oxidation products of propane are extremely small. The reactions forming carbon monoxide and organic condensables are relatively little affected by oxygen concentration and temperature, but are markedly affected by the replacement of propane by propylene. From table 4 and figure 7 it is seen that the maximum rate of formation of carbon monoxide is roughly proportional to the pressure of propylene present at maximum rate, and that in the mixture without added propylene the maximum rate of formation of carbon monoxide is close to the initial rate of formation in a mixture containing 20 mm of propylene, the equilibrium pressure of propylene present in the unsubstituted oxidation. In addi tion the rate of formation of carbon monoxide increases throughout the normal oxidation to a much greater extent than when propane is initially replaced by propylene. These observations all strongly suggest that carbon monoxide is derived mainly from the oxidation of propylene and not directly from the oxidation of propane or any of its other immediate products.
For the purpose of evaluation of the expected kinetics of a reaction following the high-temperature scheme it may be written in the simplified form comprising only reactions (1), (2), (3) and (4) along with necessary chain termination and chain branching reactions. Chain termination is probably a diffusion-controlled wall reaction and may be written as H 0 2 + wall = radical destruction.
Two possible reactions are possible for chain branching, CH20 -f-0 2 = 2 free radicals, 1957) . B y far the greater part of the peroxide must therefore be decomposing as a result of diffusion to the walls and not homogeneously to give free radicals. However at 475 °C the average lifetime of a hydrogen peroxide molecule undergoing homogeneous decomposition is only about 10 s and at this temperature homogeneous decomposition of the peroxide must produce an appreciable amount of chain initiation. There should therefore be a change in the high-temperature branching reaction at about 475 °C from one dependent predominantly on the oxidation of formaldehyde to one dependent upon the decomposition of hydrogen peroxide, the latter having the higher activation energy.
The oxidation at 400 °C and the later stages of the oxidation at 435 and 460 °C show similarities to the low-temperature oxidation. The reaction is one of rather high order. Termination of reaction chains occurs at the walls (inert-gas effect); branching probably involves oxygen (strong dependence of rate upon oxygen pressure), and the branching intermediate is removed by radical attack, this process largely governing the achievement of a maximum rate of reaction (negative induction period effect). These observations rule out any mechanism in which hydroperoxides act as branching agents. However, since aldehydes have been shown to be present in quantities comparable with those required to start the reaction initio at maximum rate they appear to be the most likely branching agents for this mode of oxidation. Aldehydes are known to react with molecular oxygen by a reaction of relatively low activation energy ( 
C2H 5C H 0 + 0 H = C2H 5 + H 20 + C0 (AH = -1 9 k c a l),
OH + wall = radical destruction.
The acceleration constant may be evaluated using the equation given above and the maximum rate 
However, while considerable quantities of diallyl were isolated in their experiments there are no reports of its identification in the oxidation products of propane or propylene. A ny allyl radicals formed are therefore oxidized before they can dimerize.
The role of propylene is therefore to be understood in terms of its removal of radicals such as OH and H 0 2 and their replacement by the less reactive allyl or alkylperoxy radicals. I f termination of the reaction chains normally occurs by the reaction of OH or H 0 2 at the walls of the reaction vessel their replacement by radicals which are not so removed will lengthen the reaction chains and so increase the acceleration constant and maximum rate of the reaction. Its property of inhibiting simple chain reactions is thus in accord with its accelerating influence on degenerate chain-branching hydrocarbon oxidations.
In conclusion it therefore appears that the series of events which occurs in the oxidation of propane is as follows. In the initial stages of the reaction an H 0 2 chain operates which forms propylene as its major product. This chain is carried also by propyl radicals and a certain proportion of them, dependent upon temperature and oxygen concentration, decomposes to give rise eventually to formaldehyde whose oxidation brings about chain branching. As the propylene accumulates, however, its reaction produces an increasing amount of alkyl or allyl peroxy radicals and higher aldehydes. These higher aldehydes being more reactive than formaldehyde soon take over the function of branching agents and so cause the reaction to accelerate at a faster rate than was possible in their absence.
The high-temperature oxidation of propane is thus a complex reaction in which at least two mechanisms can operate, depending upon the temperature and degree of advancement of the reaction. At higher temperatures than were used in the present investigation it is probable that a third mechanism based upon hydrogen peroxide branching comes into operation.
